Mammalian AMP-activated protein kinase (AMPK) is a serine/threonine protein kinase that acts as a sensor of cellular energy status. It is activated by a large variety of cellular stresses that increase cellular AMP and decrease ATP levels and also by physiological stimuli, such as muscle contraction, or by hormones such as leptin and adiponectin. AMPK modulates multiple metabolic pathways. As a result, it has become a target for the development of new drugs for the treatment of type II diabetes, obesity or even cancer. In fact, it has been recently reported that drugs used in the treatment of diabetes, such as metformin and thiazolidinediones (TZDs), exert their beneficial effects through the activation of AMPK. AMPK is a heterotrimeric complex composed of a catalytic subunit (AMPK-) and two regulatory subunits (AMPK- and AMPK-).
9
subunits with similar intensity [39] , and AMPK- interacts with both AMPK- and AMPK- subunits [41] . However, interaction between AMPK- and AMPK-subunits is prevented in the absence of AMPK- subunits ( [42] , [43] ).
Truncation experiments of AMPK- subunit indicate that the C-terminal 313-552 domain is involved in binding to  and 1 ( [12] , [44] ). Further studies shortened the sequence of AMPK-1 responsible for binding to 1 to residues 313-473 [42] (Fig.   1A ). In addition, it has been recently described that the N-terminal kinase domain of the 2-subunit also participates in the binding to the 1-subunit [44] .
Several dominant negative forms of AMPK- have been constructed, i.e. K45R, D157N and T172A. In these cases, the substitution of critical residues located near or in the catalytic site completely abolishes the kinase activity of the enzyme (Fig. 2C ).
However, these forms are still able to bind to the AMPK- and AMPK- subunits and their overexpression results in a titration of the  and subunits from endogenous complexes, leading to the inhibition of AMPK activity ( [31] , [40] , [45] ). Similar results were obtained with an N-terminal truncated form of AMPK-1 containing residues 262-548 [39] .
The AMPK- subunit acts as a scaffold for  and  binding [42] . In the AMPK-1 subunit, the C-terminal 85 residues (residues 186-270; ASC domain, Fig. 1B ) are sufficient to interact with the three  and the two  subunits, and to form an active heterotrimer. The C-terminal 25 residues of 1 subunit (residues 246-270) still bind all three  subunits but not the  subunits and deletion of only the C-terminal Ile270 precludes  association in the absence of  subunit [42] . In addition, a recent report indicates that the C-terminal region of 1 subunit (residues 186-270) can form a complex with 1 subunit in the absence of detectable  subunits [46] . The fact that only the C-terminal part of the -subunit is involved in binding to the other AMPK subunits was confirmed in plants, where it has been found that a new -subunit isoform (AKIN3), that lacks the N-terminal domain and also the GBD domain, is still able to interact with  and  subunits and form an active hetrotrimeric complex [47] . These results also confirmed that the GBD domain is not required for activity (see above).
Recently, and in contrast to previous reports, it was described that the -subunits did not bind directly to the -subunits [44] ; these authors suggested that the C-terminus of -subunit binds to the C-terminus of the 2-subunit, which in turn binds to the -subunit, but there is no direct interaction between the  and the subunits [44] . However, recent data on the crystal structure of the heterotrimeric complex (see below) does not support this later finding.
The use of AMPK complexes synthesized in bacteria has allowed the identification of different phosphorylation sites within  and  subunits. Using a complex containing an AMPK-1 D157A mutation (that abolishes activity), it was found that an AMPKK preparation from liver phosphorylated the 1 subunit, but not the 1 or the 1. However, when using wild type or 1T172E (constitutively active), phosphorylation at the 1 subunit, in addition to 1 subunit, was observed. This results indicated: i) 1 contains alternative residues to Thr172 that are phosphorylated by AMPKK, and ii) 1 phosphorylation is due mainly to autophosphorylation by the 1 subunit. By mass spectrometry analysis the residues that were phosphorylated by AMPKK in 1 were, Thr172, Thr258 and Ser485 (Ser491 in 2). Mutants were constructed altering these residues, but it was found that either T258D and S485D, or T285A and S485A in 1 did not affect overall AMPK activity [48] . However, recent results indicate that phosphorylation of Ser4851/4912 site by Akt/PKB or cAMP-PKA prevents LKB1 (a major AMPKK; see below) phosphorylation at SerT172, decreasing the activity of AMPK ( [49] , [50] , [51] ).
Mass spectrometry analysis also indicated that the residues phosphorylated in 1, were Ser96, Ser101 and Ser108 [48] . These results are in contrast to previous reports that indicated that Ser24/25, Ser108 and Ser182 were the major phosphorylation sites in 1 [30] .
All the biochemical and genetic data on the architecture of the heterotrimeric complex have been confirmed by the release in the year 2007 of three reports on the crystal structure of the complex from both yeast and mammalian cells, although in all the cases the kinase domain and the auto-inhibitory region of the  subunit and the Nterminal domain of the  subunit are lacking (Table I ). The first released structure corresponded to a complex composed by truncated forms of  and  subunits (residues 440-576 and 205-298) and the entire  subunit (residues 1-334) from the yeast Schizosaccharomyces pombe (PDB, 2OOX) [52] . The second report corresponded to a complex composed by truncated forms of  and  subunits (residues 1 396-548 and 2 187-272) and the entire 1 subunit (residues 1-331) from mammalian (rat) AMPK (PDB, 2V8Q) [53] , and the third, corresponded to the heterotrimeric core of the yeast Saccharomyces cerevisiae SNF1 complex composed by a truncated form of  subunit (but with a larger C-terminal regulatory domain; residues 398-633 of Snf1), a truncated form of  subunit (but containing the GBD domain; residues 154-415 of Sip2) and the entire  subunit (Snf4; residues 1-322), (PDB, 2QLV) [54] . The structures of the three core  complexes are very similar (Fig. 4A) . They are triangular with a base formed by the  subunit which associates with a tight  complex (the C-terminal region of the  subunit forms a compact domain with the C-terminal region of the  subunit) that forms the apical domain. Structures show a direct  interaction mediated almost exclusively by hydrogen bonds and salt bridge interactions between three -strands, two provided by the C-terminus of the  subunit and one corresponding to the N-terminal region of the  subunit. The subunit forms an elliptical disk with an aqueous pore in the center. CBS domains 1 and 2 (first Bateman domain) form the interface with the  complex and are connected to CBS domains 3 and 4 (second Bateman domain) that lay underneath. However, there are also differences among the three structures. First, there is a significant difference in the positions of the  and  subunits relative to the  subunit, corresponding to a rotation of about 12º in their relative orientations, of the yeast S. pombe structure in comparison to the mammalian and the yeast S. cerevisiae ones. Second, in the case of the S. pombe and S. cerevisiae structures, they contained dimers of trimers ( [52] , [54] ), whereas the mammalian structure was monomeric [53] .
As described above, pairs of CBS domains participate in the binding of AMP.
Since CBS1 and 2 form the first Bateman domain and CBS3 and 4 form the second Bateman domain, it could be expected that a  subunit could bind two molecules of AMP. However, since the two CBS motifs of the first Bateman domain also associate together in a pseudosymmetrical manner with the two CBS motifs of the second Bateman domain, two additional potential nucleotide-binding sites could be generated, making a total of four nucleotide-binding sites in each  subunit. All four sites are located between pairs of adjacent helix-loop-strands with an Asp residue from the corresponding -helix positioned to bind the nucleotide ribose hydroxyl residues, except for the site between CBS1 and CBS2, where an Arg is found instead of an Asp residue in the corresponding CBS2 chain. However, in the S. pombe structure only one adenine nucleotide is found, bound at the interface between CBS domains 3 and 4, being the first Bateman domain (CBS1+2) unoccupied [52] . In the case of the S. cerevisiae structure, no nucleotide was initially found, although low-resolution data on a second crystal suggested the presence of one AMP in the same position (interface of CBS3+4) as in S. pombe [54] . In the case of the mammalian structure, three AMP are found [53] ; one AMP is tightly bound and non-exchangeable in the interface of CB3+4, as in the yeast structures (AMP3 in Fig. 4B ). However, two additional AMPs are located in the interfaces of CBS1+2 and CBS3+4 (AMP1 and AMP2 in Fig. 4B ). These AMPs are interchangeable by ATP and are responsible for the adenyl-sensing properties of the mammalian enzyme. One site formed by the interface of CBS1+2 is unoccupied in the mammalian structure (AMP4 in Fig. 4B ), maybe because of the absence of a conserved Asp residue in CBS2 positioned to bind the nucleotide ribose ring. Since the yeast structures do not contain AMP in sites corresponding to AMP1 and AMP2 ( Fig.   4B ), this could be the reason why these enzymes do not respond to AMP. Recently, a new structure of S. pombe AMPK heterotrimer complexed with ADP has been described. In this case, two ADPs are found, one occupying the original AMP site (AMP3 in Fig. 4B ) and the other in the unoccupied interface of CBS1+2 (AMP4 in Fig.   4B ) [55] . The significance of this finding is unclear, since no biochemical studies have been done on the S. pombe AMPK complex and no information is available on whether ADP could affect enzyme activity.
Since the structure of the S. cerevisiae SNF1 complex contains larger fragments of the  (Snf1) and  (Sip2) subunits, it defines new structural features not present in the other structures. First, the GBD domain of the  subunit (residues 154-247 of Sip2) has close interactions with the rest of the heterotrimer, primarily with the N-terminal region and an -helix of CBS2 of Snf4 (Fig. 4A) . The putative binding site for carbohydrates is exposed to the solvent and should be available for binding ligands in this complex. This feature is interesting although, in the case of the mammalian  subunit, the GBD plays no role in the regulation of AMPK activity (see above). Second, residues 460-495 of Snf1 ( subunit), corresponding to the regulatory region (RD), have well defined interactions with Snf4 ( subunit) (residues 467-469 of Snf1 interact with residues 270-275 of the first -strand of CBS4 of Snf4) (Fig. 4A ). This demonstrates a direct interaction between the  and the  subunits in SNF1 complex, which is fully supported by earlier biochemical and genetic data [54] . The authors suggested that the structure having the RD sequence bound to  subunit should correspond to the active 13 conformation of the SNF1 complex. It remains to be determined how the binding of different ligands to the  subunit can control its interaction with the RD sequence and how this RD sequence is recognized by the protein kinase domain in the inactive conformation of the complex. In spite of this, the interaction between the RD sequence and the  subunit is particularly interesting since a disease-causing mutation in the mammalian 2 subunit (see below), namely N488I (equivalent to Asn251 on Snf4), maps in the same region and could be affecting the binding of the 2 subunit to the Cterminal regulatory domain of  subunit, explaining in this way the absence of regulation of the mutated 2 subunit [54] .
Mutations in the  subunit have been associated with disease. Up to ten different point mutations in the mammalian 2 subunit cause heart disease characterized by excessive glycogen storage in cardiac myocytes, what leads to ventricular pre-excitation [56] . All these mutations reduce binding and activation by AMP [10] . Since the structure of the  subunit is now available, it has been possible to map the position of the residues involved in pathogenesis. In this way, it has become clear that nine out of the ten mutations that have been characterized involve amino acids lining the interior surface of an internal cavity formed in each Bateman domain and, in the case of 2Arg302, 2His383, 2Arg384, 2Thr400, 2Arg531, their side chains are in the proximity to the adenyl-binding sites.
When comparing the structures of the heterotrimers obtained in the presence of AMP or ATP, no major difference is observed in terms of movement of the corresponding CBS domains. This was quite unexpected since it was anticipated to see a change in the conformation of the CBS domains depending on which nucleotide was bound. Perhaps the absence of critical domains in the crystallized core structures, such as the catalytic and autoinhibitory regions of  subunit, could account for this unexpected result. This leaves open the question of how the binding of AMP activates the AMPK complex. However, very recently, an answer to this question has been provided [57] . These authors purified large quantities of mammalian heterotrimeric complexes containing, this time, full length untagged ,  and  subunits from mammalian AMPK and described the biophysical characterization of the heterotrimers by small angle X-ray scattering in solution, transmission and scanning transmission electron microscopy and mass spectrometry. All these techniques revealed that mammalian AMPK heterotrimers were elongated flat particles with protrusions and indentations. More importantly, addition of AMP resulted in a significant change in the conformation of the heterotrimer towards a more compact structure. The change in the conformation of the  subunit upon AMP binding could be transmitted via the regulatory domain (RD) of the  subunit onto the kinase domain: the RD could be relocated, releasing in this way the kinase domain from its auto-inhibition. These changes may also alter the accessibility of the phospho-Thr172 residue, thus positively affecting AMPK activity [57] .
6.-RELATIONSHIP BETWEEN MAMMALIAN AMPK AND YEAST SNF1

COMPLEXES.
Due to the considerable similarity between the mammalian AMPK and the yeast SNF1 complex, the yeast system has been used to investigate AMPK regulation.
Attempts have been made to complement SNF1 subunit deficiencies with their mammalian counterparts, however full recovery of the corresponding snf1 phenotype has never been achieved. In this way, expression of AMPK-1 or 2 in yeast does not complement snf1 mutants [41] , expression of AMPK-1, 2 or 3 does not complement snf4 mutants [41] and expression of AMPK-1/2 does not complement sip1 sip2 gal83 mutants (personal observation). These results were quite surprising since AMPK- interacts with Snf1 and Snf4, AMPK- interacts with Snf1 and Gal83 and AMPK- interacts with Gal83 although it does not interact with Snf4 (personal observation).
Chimeras containing the N-terminus of AMPK-1 (residues 2-261) and the Cterminus of Snf1 (residues 300-633) (1-Snf1), and also the opposite, N-terminus from Snf1 (residues 2-299) and C-terminus from AMPK-1 (residues 262-548) (Snf1-1) have been constructed. Two-hybrid analysis revealed that the 1-Snf1 chimera associated with Sip2 and Snf4, but not with the mammalian counterparts, and that the Snf1-1 chimera associated with mammalian 1 and 1 subunits, but not with the yeast counterparts [58] . This indicates that the C-terminal part of the  subunit defines a cellspecific interaction profile with the corresponding  and  subunits. This is in agreement with the fact that -subunits are more divergent at their C-terminus (see above). The chimeras were expressed in mammalian cells and it was found that, as in the case of regular AMPK-1, the expression of Snf1-1 chimera was dependent on the coexpression of AMPK-1 and AMPK-1 subunits, whereas the expression of 1-Snf1 chimera in mammalian cells was dependent on the co-expression of yeast Sip2 and Snf4. The Snf1-1 chimera produced inactive heterotrimeric complexes. However, the 1-Snf1 chimera showed significant kinase activity that was unaffected by AMP. Since the SNF1 complex is not allosterically activated by AMP [59] , it was concluded that the C-terminal domain of AMPK-1 (absent in the chimera) was involved in AMP regulation [58] . This 1-Snf1 chimera was able to form a functional kinase complex when expressed in yeast, via association with the endogenous regulatory subunits, and was also able to display significant kinase activity under low-glucose conditions [58] .
7.-REGULATION OF AMPK ACTIVITY
7.1.-AMPK activation.
The AMP-activated protein kinase is a sensor of cellular energy charge. This system is activated in an ultrasensitive manner by cellular stresses that increase the AMP/ATP ratio. AMP activates mammalian AMPK by two mechanisms: i) allosteric activation of AMPK, and ii) binding to AMPK making it a worse substrate for phosphatases. This allows a >200 fold activation of AMPK. All these effects are reversed by ATP, indicating that AMPK has a single allosteric site that binds both AMP and ATP in a mutually exclusive manner ( [6] , [20] , [60] , [61] , [62] ).
Activation of AMPK correlates with phosphorylation at the Thr172 within the "activation loop" of the kinase domain ( [63] , [64] ). This phosphorylation is achieved by an upstream AMPK kinase (AMPKK; see below). Phosphorylation of Thr172 is necessary and sufficient for AMPK activity, since a T172A mutant shows no enzymatic activity, whereas a T172D mutant possesses detectable activity (40-50% of regular activity) which is not affected by phosphatase treatment [65] . The modification of the Thr172 does not affect interaction with the  and subunits. For this reason the T172A mutant can be used as a dominant negative form of the AMPK- subunit [31] . These results are in contrast with the ones obtained in the yeast orthologue Snf1 (-subunit), where it has been found that, although a change in the corresponding Thr172 (T210A) eliminates SNF1 activity, the mutated form is unable to interact with Snf4 (-subunit) [21] .
In yeast, regulation of the activity of the Snf1 complex involves two steps, one that requires phosphorylation of the Snf1 catalytic subunit (-subunit) by an upstream protein kinase and another that is mediated by the interaction between Snf4 (-subunit) and Snf1 (-subunit) [21] . Phosphorylation of Thr210 can occur independently of the Snf4 step, but to achieve full activity, the complex has to undergo a Snf4-dependent rearrangement [66] . Interaction with Snf4 is required for efficient activation because it counteracts the function of an auto-inhibitory domain present in the C-terminus of the -subunit ( [21] , [22] ). After these two steps, the phosphorylated Snf1 kinase (Thr210-P) opens its active site, making it accessible to substrates (Fig. 5A) . Regulation of AMPK activity follows a similar trend, including phosphorylation of a conserved Thr172 residue of AMPK- by an upstream kinase and AMPK- dependent allosteric regulation by AMP. The identification of the putative AMPK upstream protein kinase was a frustrating project until the discovery of yeast Snf1 upstream kinases: Sak1, Elm1 and Tos3 ( [67] , [68] , [69] ). They are monomeric protein kinases, being Sak1 the most important upstream kinase in the glucose repression pathway and the only one that forms a stable complex with Snf1 ( [70] , [71] , [72] ). Sak1, Elm1 and Tos3 are members of the ELM family of protein kinases [73] . While none of them had a clear mammalian homologue, their kinase domains were most closely related to those of the protein kinase LKB1, and the calmodulin-dependent protein kinase kinases CaMKK and CaMKK. Evidence came rapidly indicating that all three, but especially LKB1 and CaMKK phosphorylated AMPK- at Thr172 and thus activated AMPK in vivo ( [74] , [75] , [76] , [77] ). The relationship between the upstream kinases in yeast and mammals was reinforced when it was described that the expression in yeast of mammalian LKB1
and CaMKK phosphorylated and activated Snf1 at its corresponding Thr210 site [78] .
Recently, a genetic selection for mammalian Snf1-activating kinases in yeast identified TAK1 (transforming growth factor--activated kinase), a member of the mitogenactivated protein kinase kinase kinase family (MAPKKK), as an additional AMPK upstream kinase [79] (Fig. 5B) .
7.1.1.-AMPKK: LKB1
LKB1 is a tumor suppressor kinase related to the Peutz-Jeghers cancer syndrome [80] . As mentioned above, it is an upstream AMPK kinase (AMPKK), since it can phosphorylate in vitro AMPK [68] , and it accounts for most of the AMPKK activity detectable in cell extracts [1] . LKB1 is found in complexes with STRAD/ (Ste20 Related Adaptor; an inactive pseudokinase) [81] and MO25/mouse protein 25an armadillo-repeat scaffolding-like protein) [82] . The ternary complex is required for activity since in the absence of STRAD or MO25, no activity is observed. The crystal structure of MO25 in complex with the C-terminus of STRAD has been recently described and indicates that MO25 acts as a scaffold protein for binding of STRAD/LKB1, LKB1 substrates or other regulatory components of the system [83] .
Structurally, the kinase domain of LKB1 binds to the pseudokinase domain of STRAD, and MO25 binds to the C-terminal residues of STRAD, stabilizing the binding of STRAD to LKB1 ( [81] , [82] ). Mutations in LKB1 isolated in Peutz-Jeghers patients fail to interact with STRAD-MO25, thus defining one of the reasons for this pathology [84] . were obtained with fibroblasts from LKB1 knock-out mouse embryos: neither AMP nor phenformin directly stimulated the AMPK complex. All these results suggest that LKB1-STRAD-MO25 is a major upstream regulator of AMPK ( [74] , [75] , [85] , [86] ).
LKB1 is the major upstream activating kinase for AMPK in skeletal muscle.
Using mice in which expression of LKB1 has been reduced to only 10% in skeletal muscle or completely abolished (LKB1 skeletal muscle conditional knock-out), it was observed that LKB1 was required for AICAR-induced activation of AMPK2. LKB1 was also required for contraction-induced AMPK activation and also for contractioninduced glucose transport in skeletal muscle. These results indicate that contractioninduced glucose uptake operates via an LKB1 dependent pathway, that could activate AMPK or some other AMPK related kinases to improve glucose uptake [87] .
LKB1 is also the major upstream activating kinase for AMPK in liver. Liver specific deletion of LKB1 reduces substantially AMPK phosphorylation and activity, which leads to a marked hyperglycemia due to an increased hepatic gluconeogenic and lipogenic gene expression. However, peripheral glucose uptake (skeletal muscle) was not affected. LKB1 deletion increased expression of gluconeogenic genes (such as PEPCK and G6Pase) due to an increase in expression of peroxisome proliferatoractivated receptor- co-activator 1 (PGC-1), whose expression was improved by a better activity of the CREB transcription factor. It has been recently described that the activity of CREB is regulated positively by TORC2 (transducer of regulated CREB activity 2) and that AMPK and other related kinases phosphorylate TORC2 promoting its inactivation and sequestration by 14-3-3 proteins in the cytoplasm. As a result of LKB1 deficiency, lower AMPK activity leads to more unphosphorylated TORC2 that may activate CREB, which in turn activates PGC-1, thus activating the expression of gluconeogenic genes. Lipogenesis was also improved in LKB1 knock-out animals, since lower AMPK activity leads to the improved expression of sterol regulatory element binding protein 1 (SREBP1), which improved the expression of target genes (FAS, ACC1, L-PK) [88] , as AMPK is a negative regulator of SREBP1 [89] . 
7.1.3.-Alternatives to LKB1: TAK1.
As described above, a genetic selection for mammalian Snf1-activating kinases in yeast identified TAK1 (transforming growth factor--activated kinase) as an additional AMPK upstream kinase [79] . TAK1 is able to phosphorylate AMPK- at Thr172, and expression of TAK1 and its binding partner TAB1 in HeLa cells (that lack LKB1) or treatment of these cells with cytokines (which stimulates the TAK1 signalling pathway) stimulated phosphorylation of Thr172 in AMPK- [79] . However, more work needs to be done to determine the importance of this upstream kinase in cellular physiology.
7.2.-Methods for activating AMPK.
In yeast, the activity of the Snf1 kinase is regulated by glucose: in low glucose growing cells, the Snf1 kinase is active (phosphorylated), whereas in high glucose containing media, the Snf1 kinase is inactive (dephosphorylated) [21] . Signalling requires uptake and phosphorylation of the sugar, but unlike mammalian AMPK, Snf1 is not activated directly by AMP [59] . Similarly, mammalian AMPK can be activated by subjecting the cells to different stress conditions or by treating them with different activating compounds. The activating conditions of AMPK can be classified in two groups, those that increase the AMP/ATP ratio, and hence activate AMPK via LKB1, and those where the activation of AMPK is independent of the AMP/ATP ratio, where alternative AMPKK are involved [62] (Table II) Activation occurs after 30 to 60 min and correlates with phosphorylation of Thr172 in AMPK- [94] . Although an important tool, AICAR's utility is limited because: i) a triply phosphorylated form (ZTP) may also accumulate and act as an ATP analogue, 20 thus inhibiting AMPK in the long term; ii) ZMP mimics the effects of AMP on other AMP-sensitive enzymes, such as glycogen phosphorylase and fructose-1,6-bisphosphatase; iii) AICAR may also act via adenosine receptors, adenosine transporters or both [95] . In this way, AICAR can lead to the AMPK-independent activation of glycogen phosphorylase, by an allosteric mechanism not shared by metformin [96] . AICAR can also compete with adenosine for uptake by the nucleoside transporter, resulting in an increase in extracellular adenosine and subsequent activation of adenosine receptors, by AMPK-independent mechanisms [97] . Additional AMPKindependent effects of AICAR have been described recently ( [98] , [99] , [100] , [101] , [102] ). Therefore, when using AICAR, alternative activating AMPK conditions should always be used to make sure that the observed effect is dependent on AMPK activity. Dinitrophenol (0.5mM) and potassium cyanide are mitochondrial inhibitors that activate AMPK by a mechanism involving an increase in AMP:ATP ratio and phosphorylation of AMPK- at T172 ( [103] , [104] ).
Oxidative stress (0.6-1mM H 2 O 2 ) activates AMPK by a mechanism involving an increase in AMP:ATP ratio. Activation correlates with phosphorylation of AMPK- at Thr172 ( [58] , [105] ).
Inhibitors of the MAP kinase (ERK) cascade PD98059 and U0126 activate
AMPK by increasing the AMP:ATP ratio [106] . [110] . Mice deficient in leptin or leptin-receptors contain 21 lower AMPK activity in muscle and/or liver [111] . However, leptin inhibits AMPK in the hypothalamus [112] .
Adiponectin (ACRP30), another hormone secreted by adipocytes, regulates energy homeostasis and glucose and lipid metabolism (stimulates -oxidation and glucose uptake). It increases the AMP:ATP ratio, leading to phosphorylation at Thr172 an activation of AMPK [113] . Adiponectin also inhibits hypertrophic signaling in the myocardium through activation of AMPK signaling ( [112] , [114] ).
-Lipoic acid. Similar to leptin, -lipoic acid has two separate functions. On one hand, it is able to activate AMPK in skeletal muscle, improving fatty acid oxidation and insulin-stimulated glucose uptake [115] . On the other hand, -lipoic acid is able to inhibit AMPK activity at the neuronal level ( [112] , [116] ).
7.2.2.-AMPK activating compounds independent of AMP/ATP ratio.
Peroxynitrite (ONOO-) increases AMPK activity (increase in Thr172 phosphorylation) without changing cellular AMP. AMPK activation involves the cSrc/PI3-kinase pathway ( [117] , [118] ).
Metformin, (2 mM), a drug currently used in treatment of type 2 diabetes [119],
activates AMPK in vivo. Activation occurs after 30 to 60 min and causes a Thr172 phosphorylation in both AMPK-1 and 2. Activation of AMPK by metformin is mediated by mitochondrial reactive nitrogen species (RNS); depletion of mitochondria or overexpression of superoxide dismutases, as well as inhibition of endothelial nitricoxide synthase, abolished metformin-enhanced phosphorylation of AMPK. In eNOS knock-out mice, metformin is unable to activate AMPK. These data suggest that RNS generated in mitochondria by metformin is required for AMPK activation in vivo. This activation requires the c-Scr/PI3Kinase pathway [120] . Phenformin (2 mM) has a similar effect as metformin, but actives AMPK more rapidly [74] . As mentioned above, LKB1 is also required for the activation of AMPK by metformin [88] and phenformin [87] in different tissues.
Osmotic stress (0.4-0.6M sorbitol) also activates AMPK (with Thr172 phosphorylation) without changing the AMP:ATP ratio; it acts via CaMKK to activate AMPK ( [58] , [103] , [121] ).
Estradiol. AMPK activation by estradiol was independent of both AMP levels and ER (estrogen receptor ), but required estradiol conversion to its catechol metabolites [122] .
Low levels of glucose. Similarly to the yeast SNF1 complex, low glucose improves AMPK activity. The activation correlates with an increase in the phosphorylation of Thr172 and does not depend on the levels of AMP or ATP [123] .
Long-chain saturated and monounsaturated fatty acids (palmitate C16, stearate C18, oleate C18:1) (0.5mM) activate AMPK in heart inducing phosphorylation of Thr172 by a mechanism not dependent on the AMP:ATP ratio.
Activation of AMPK by palmitate [124] was prevented by treating the samples with PP2C phosphatase, leading to the conclusion that exposure to fatty acid caused either an activation of an AMPK upstream kinase or an inhibition of an AMPK phosphatase [125] .
The release of nucleotides (ATP, ADP and UTP, but not UDP) from damaged tissues induces phosphorylation and activation of AMPK in HUVEC cells, by a mechanism not linked to changes in AMP:ATP ratio. AMPK activation is mediated by P2Y1, P2Y2 and P2Y4 nucleotide receptors. Adenosine also induces phosphorylation of AMPK that was not mediated by P1 receptors, but required adenosine uptake [126] .
Adenosine uptake is mediated by CNT2 transporters; therefore, nucleoside transporters might be novel players in the complex regulation of AMPK and energy metabolism [127] .
AMPK is also activated by agonists of different membrane receptors.
Stimulation of Gq-coupled receptors (GCRP) specifically activates AMPK-1. In this sense, platelet-activation factor, norepinephrine and bradykinin activate AMPK when they bind to their respective Gp-coupled receptors [128] . Activation of AMPK in skeletal muscle is dependent on 1-adrenoceptors and not on 2-or -adrenoceptors, being the AMP:ATP ratio unaltered after 1-adrenergic stimulation [129] . On the other hand, in 3T3-L1 adipocytes, activators of adenylate cyclase (forskolinor -adrenergic agonist isoproterenol) or analogues of cAMP promoted phosphorylation and activation of AMPK, which was prevented by insulin [130] . Activation of AMPK in brown adipocytes is mediated by -but not -adrenoceptors and is independent of UCP1 [131] .
Recently, a new activator of AMPK, namely A769622, has been described [132] . A769622 activates AMPK both allosterically and by inhibiting dephosphorylation of AMPK on Thr-172. Its mechanism of action does not involve binding to the  subunit, as AMP does. However, its allosteric effect is abolished in an AMPK complex lacking the glycogen binding domain of the  subunit, and a mutation of Ser108 to alanine in this  subunit almost completely abolishes activation of AMPK by A769662 ( [133] , [134] ).
In addition, it has been recently described that natural plant products with beneficial metabolic effects in diabetic and insulin-resistant states, such us berberine [135] , resveratrol (present in grapes and red wine) [136] , epigallocatechin-3-gallate (present in green tea) [137] , theaflavins (present in black tea) [138] , caffeic acid phenethyl ester (present in honeybee propolis) [139] , cucurbitane triterpenoids (present in bitter melon) [140] , activate AMPK. However, in most cases the mechanism of activation is unclear.
7.3.-AMPK inactivation.
In yeast, the activity of the three upstream kinases (Sak1, Elm1 and Tos3) seems to be constitutive, so the regulation of the phosphorylation status of Snf1 depends on the phosphatase involved in the dephosphorylation of Thr210. In this sense, some reports indicate that the yeast PP1 protein phosphatase, Glc7, and its regulatory subunit, Reg1, are responsible for the dephosphorylation and inactivation of the Snf1 protein kinase, in response to glucose ([141] , [142] ). In the absence of Reg1, Glc7 can not perform its function, so the Snf1 kinase complex is constitutively in the active, phosphorylated state, even in the presence of glucose ( [141] , [142] ) (Fig. 5A ). Perhaps, and as in the case of the yeast Snf1 complex, the regulation depends on the activity of the phosphatase involved in the dephosphorylation of Thr172 (Fig. 5B) .
Despite several attempts made to characterize this phosphatase, its identity is still unknown. In vitro studies have identified PP1, PP2A and PP2C protein phosphatases as possible candidates ([48] , [143] ). In addition, it has also been described that PP2A is involved in the regulation of the interaction of AMPK- and AMPK- by glucose [12] . suggesting that AMPK- may be activated by two independent mechanisms, one being naringin-sensitive (PP2A-associated) and the other being naringin-resistant (PP1-associated). Toxins (and AICAR) do not stimulate AMPK phosphorylation by LKB1 activation, but rather by increasing the susceptibility of AMPK to be phosphorylated by LKB1. Naringin could act on AMPK itself (acting as an AMP antagonist) or on a protein kinase involved in permissive AMPK phosphorylation [144] . Additionally, it has been recently reported that activation of protein phosphatase 2A by palmitate inhibits AMPK, suggesting a negative role of PP2A in the regulation of AMPK activity in vivo [145] .
Recently it has been suggested that AMP, in addition to allosterically stimulating AMPK activity, could inhibit all phosphatases acting on AMPK, since it can prevent the in vitro dephosphorylation of Thr172-P in AMPK-by PP2C This effect requires a functional AMPK- subunit, since AMP can not prevent the dephosphorylation of Thr172 in  complexes containing forms of the  subunit that bind AMP poorly. According to this model, increased Thr172 phosphorylation by LKB1 would occur in response to decreased dephosphorylation following a rise in AMP. Dephosphorylation and inactivation of AMPK would occur when the concentration of AMP returned to basal levels [62] .
7.4.-Methods for inhibiting AMPK activity.
There are several methods for inhibiting AMPK activity (TableIII):
AMPK-1 K45R, D157A and T172A mutant forms may be used as dominant negative alleles of AMPK since they compete with endogenous AMPK- for the binding of  and -subunits ( [40] , [45] , [146] ).
Creatine phosphate and ATP inhibit AMPK. This effect is entirely allosteric; they do not affect AMPKK ( [60] , [64] ).
Compound C is a reversible inhibitor of AMPK [89] , although it inhibits additional protein kinases and has AMPK-independent effects [147] . Caution has to be taken when using this compound because it inhibits the uptake of AICAR, so when combined with AICAR, no activation of AMPK is observed because no AICAR is taken by the cells. The same is true for some p38-MAPK inhibitors like SB202190 and SB203580 [148] . C75 (40 g/ml) (a synthetic inhibitor of fatty acid synthase and an activator of carnitine palmitoyltransferase-1) increases fatty acid oxidation and ATP production leading to the inhibition of AMPK. The C75-mediated inactivation of AMPK at the hypothalamus may explain the food-intake reducing effects of C75 ( [149] , [150] ).
Leptin and -lipoic acid both are able to decrease hypothalamic AMPK activity, causing profound weight loss in rodents by reducing food intake and enhancing energy expenditure ( [112] , [115] , [116] ).
High levels of glycogen decrease AMPK activity [151] . High levels of glucose also decrease AMPK activity in both -cells [152] and skeletal muscle [123] .
Ethanol also inhibits liver AMPK. This inhibition accounts for the observed activation of hepatic ACC and development of alcoholic fatty acid liver [153] .
Insulin antagonizes the activation of AMPK. The effect of insulin (that was blocked by wortmannin, an inhibitor of phosphatidylinositol-3-kinase) occurred only if insulin was added before AMPK activation, and resulted in a decreased phosphorylation of AMPK Thr172, being unrelated to changes in the AMP:ATP ratio [154] . In cardiac cells, inhibition by insulin is dependent on Akt; insulin caused an increased Akt phosphorylation (mediated by PI3-kinase) and a decrease in AMPK phosphorylation at Thr172; in fact, a constitutively active form of Akt displayed decreased phosphorylation of AMPK [155] . It has been recently reported that Akt is able to phosphorylate AMPK- subunit at Ser4851/4912 site. This phosphorylation prevents LKB1 phosphorylation at SerT172, decreasing the activity of AMPK ( [49] , [50] ). cAMP-PKA can also phosphorylate AMPK- at Ser4851/4912 site, decreasing then the phosphorylation at Thr172 and AMPK activity. cAMP agonists such as forskolin, isobutylmethylxanthine and glucose-dependent insulinotropic peptide (GIP) inhibit AMPK by this mechanism [51] . Is has also been proposed that the Ser4851/4912 site could be a site for autophosphorylation, playing a role in limiting AMPK activation in response to energy depletion or other regulators [51] .
Resistin, another adipokine, seems to have opposite effects to adiponectin. It inhibits AMPK. Knock-out mice lacking resistin have low blood glucose due to reduced glucose production by the liver, and this is associated with activation of AMPK and reduced expression of enzymes of gluconeogenesis ( [112] , [156] ).
Staurosporine (2.9 nM) [157] , Iodotubercidin (10 M) [158] and 9--Darabinofuranoside (ara-A) (2.5 mM) [158] have been used as inhibitors of AMPK.
However they are not specific since they can inhibit additional protein kinases.
8.-PERSPECTIVES
Although a lot of efforts have been made to understand the structure and regulation of the activity of AMPK complex, there are still some areas of missing information. For example, only partial crystal structures of the complex are available and they all lack the kinase catalytic domain and the autoinhibitory region. It would be very interesting to see how the kinase catalytic subunit folds around the other components of the heterotrimeric complex and validate the biophysical results already obtained. These results will allow us to understand to relationship between the kinase catalytic domain and the autoinhibitory region and how the CBS domains of  subunit play a role in the activation of the kinase subunit. This information will be very important for the design of specific drugs that could either activate or inactivate specific AMPK complexes in targeted tissues. [52] Xiao et al [53] Amodeo et al [54] Organism Schizosaccharomyces pombe Thiazolidinediones [103] Low glucose [123] Leptin (in muscle) [110] Long chain saturated and monosaturated fatty acids [124] Adiponectin [113] Agonists of nucleotide receptors [126] -Lipoic acid (in muscle) [115] Agonists of 1-adrenoreceptors [129] A769662 [132] residues in AMPK-2 subunit is also indicated. 
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